The ability to manipulate the genomes of herpesviruses is of eminent importance for obtaining insight into gene function and regulation of gene expression of these complex viruses. Here we report the use of in vivo overlap recombination to generate pseudorabies virus mutants. Cotransfection of up to five overlapping cloned subgenomic fragments, which together constitute the entire genomic information of pseudorabies virus, results in the efficient reconstitution of virus. This allows the efficient introduction of multiple well-defined mutations in herpesvirus genomes in a single step, without any selection or screening for a particular phenotype.
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Pseudorabies virus (PRV), a member of the alpha-herpesviruses, is the causative agent of Aujeszky's disease in domestic and wild animals (2) and leads to severe economic losses in the swine industry. As part of a study designed to generate an effective and well-characterized bioengineered live PRV vaccine, we have shown that it is possible to generate infectious virus from subgenomic fragments by cotransfection of two adjacent but nonoverlapping fragments of 120 (HindIII-A) and 25 kilobase pairs (kbp) (HindIII-B), respectively ( Fig. la) (7, 13) . Reconstitution of infectious virus from subgenomic fragments has also been reported for smaller viruses like spleen necrosis virus (12) and adenovirus (5, 6) . Regeneration of these viruses was performed by cotransfection of overlapping cloned fragments. We have used a similar methodology to regenerate herpesviruses with a genome of 150 kbp.
For this purpose, a DNA cosmid library of the genome of PRV Northern Ireland Aujeszky-3 (NIA-3) (2) was produced. NIA-3 virus was isolated from the medium of infected BHK cells by precipitation with polyethylene glycol and was purified by discontinuous sucrose gradient centrifugation. Isolation of DNA from the virus pellet was as described previously (9 Transfections with an appropriate mixture (see below) of four or five fragments resulted in virus production. To establish the genomic structure of the reconstituted viruses, progeny viral DNA which had been isolated from plaquepurified viruses was characterized by Southern blot analysis. Filters were probed with nick-translated NIA-3 or vector DNA. As can be seen from the BamHI and the BamHI + KpnI patterns in Fig. 2A and B, no differences in the hybridization patterns were detectable between the parental --2x3 kbp and reconstituted viral DNA ( Fig. 2A and B, lanes 1 and 2) .
Hybridization of BamHI digestion products with the vector -- 93 pJBF revealed no hybridizing fragments (data not shown), indicating that vector sequences are not incorporated in the genome of progeny virus. More detailed Southern blot analysis also revealed no differences between the parental and the reconstituted virus. DNA was digested with various endonucleases (as described in the legend to Fig. 3 ) and probed with a BamHI-5 and a BamHI-10 clone (Fig. 3A and 3B, respectively), which together make up the overlap region of the clones c-443 and pN3HB. All restriction fragments of the reconstituted virus showed the same mobility as the corresponding fragments of the parental virus. Even when DNA from total lysates of the primary transfec- (Fig. lb) including pN3HB  (lanes 2), pHBdelta2.4 (lanes 3), or pHBdelta2.8 (lanes 4) . Arrows mark the positions of the altered BamHI 7 (A) and 4.5-kbp BamHlKpnI (B) fragments in the deletion mutants. NIA-3 fragments are numbered at the left. Agarose gel electrophoresis, transfer of DNA to nitrocellulose filters, and hybridization with total nick-translated NIA-3 DNA were performed as described previously (14, 19) . clone. The hybridizing fragments in the odd-numbered lanes (parental virus) which have no counterpart in the even-numbered lanes (reconstituted virus) are due to an impurity in the DNA preparation of the parental virus.
tants was used, the restriction endonuclease pattern was indistinguishable from that of wild-type PRV. This indicated that the vast majority of viable viruses reconstituted via overlap recombination are unaltered. Minor differences detectable among plaque-purified, reconstituted viruses reflected the characteristic variations also observed between independent isolates of the parental virus, that is, minor differences in the repeat fragments.
To show that defined mutants can be generated by this method, the wild-type pN3HB plasmid was replaced by pHBdelta2.4 or pHBdelta2.8. Each of the latter two plasmids carries a different well-characterized deletion. These plasmids have been described previously (13) . Transfections of clones c-179, c-27, and c-443 together with one of these plasmids yielded replication-competent viruses. A Southern blot analysis of the DNA of these viruses is shown in Fig. 2 . BamHI and BamHI + KpnI restriction endonuclease digestions show the expected pattern. Only the 6.8-kbp BamHI 7 and the 4.5-kbp BamHI-KpnI fragments, in which the BAL 31-introduced deletions reside (13) , are altered in the mutant (cf. Fig. 2A, lanes 1, 3, and 4, and Fig. 2B, lanes 1, 3, and 4) . The wild-type BamHI 7 fragment is absent from both of these mutants and replaced by fragments of 4.6 and 4.2 kbp, respectively. A similar reduction in size is observed in the 4.5-kbp BamHI-KpnI fragment.
To provide further evidence for the appropriate reconstitution of the virus, the biological properties of a reconstituted wild-type virus were compared with those of the parental virus. Piglets were infected with either one of these viruses and were monitored during the disease period. No significant differences between the two groups were observed. In the course of the disease, we monitored the occurrence of fever (duration and temperature), loss of weight as a function of days postinfection, titer of neutralizing antibodies, and mortality (data not shown). To our knowledge this is the most sensitive assay to detect alterations in the biological properties of these viruses. Therefore, we conclude that reconstitution of PRV by overlap recombination gives rise to intact and unaltered virus.
The efficiency of virus reconstitution was studied first by comparing the infectivity of mixtures of four or five subgenomic clones (in equimolar amounts) with that of full-length viral DNA. The subgenomic clones were transfected in linear form into PK-15 cells at 25 to 30% confluency in T25 flasks. Equimolar amounts of the three cosmid clones c-179, c-27, and c-443 were mixed and digested with EcoRI, and the plasmid pN3HB was digested with HindIII. The DNA was extracted twice with a mixture of phenol:choloroform: isoamyl alcohol (25:24:1 [vol/vol/vol]), precipitated with ethanol, and dissolved in TE. An equimolar amount of linearized pN3HIB was added to the cosmid clones, and this mixture was diluted to the appropriate concentrations. Fulllength viral DNA was isolated as described above. Calf thymus DNA was used to adjust the amount of DNA to 10 ,ug per transfection. DNA was transfected into PK-15 cells by the calcium phosphate precipitation technique (10) . At 4 h after the addition of the precipitate, the cells were subjected to a glycerol shock (15% glycerol added to the tissue culture medium for 45 sec).
The results of these transfections are presented in Table 1 . The minimal amount of full-length viral DNA required for virus production was 0.1 fmol, whereas the minimal amount of cosmid DNA was approximately 0. 4 We have not determined the minimal requirements for overlap recombination. The overlap regions in the cosmid clones varied from 1.5 to 16 kbp, which is far more than what is assumed to be required for efficient recombination (8, 18) . Linearization of the DNA before transfection increased the recombination efficiency significantly. In order to regenerate virus from four circular clones, 25 to 50-fold more DNA was required. This is in agreement with the results of others, who have shown that linear molecules are preferred substrates for homologous recombination (1, 21) . Furthermore, viruses could never be produced from transfections of five circular clones (with up to 3 ,ug of DNA per clone). The majority of the viruses obtained from circular DNA contained vector sequences. However, vector-free, genuinely reconstituted virus could be obtained from these transfections after plaque screening (data not shown).
Part of the terminal repeat, i.e., 1.5 kbp of the BamHI 5 fragment and the BamHI 8 and BamHI 13 fragments, is not included in the transfection mixture (Fig. lb and c) . The reconstituted viruses, however, do contain two identical and complete repeats, as was demonstrated by the presence of the BamHI 13 fragmtient (Fig. 2A) . This can be explained by homologous recombination (3) or by a copying mechanism which regenerates the terminal repeat from the internal repeat (16) . The reconstitution of PRV from subgenomic fragments illustrates that homologous recombination of foreign DNA in mammalian cells is extremely efficient, as has also been shown by others (12, 21) .
The use of cloned fragments will obviate many of the problems associated with manipulating the 150-kbp-long PRV genome. In the search for genes involved in the virulence of PRV, viral fragments can now be easily manipulated in vitro and subsequently transferred to viruses without requiring selection or screening procedures (15, 20 
